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Charge order and the metal-insulator transitions in A;,A1,MnO 3
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An interpretation is given for the metal-insulator transitions occurring\jpA;,MnO; using the double-
exchange model but including the coupling of the electron to the Jahn-Teller distortions and a finite Coulomb
interaction between electrons in the twofold degeneegterbitals. We find that, whereas the ferromagnetic
state is metallic, the insulating state is polaronic. As one lowers the temperature, a transition from the ferro-
magnetic state to th€E phase is observed, which is, due to the strong phonon renormalization of the
bandwidth, accompanied by a change in resistivity of several orders of magnitude. In order to obtain the
observed magnetic structure, i.€E type, it is essential to include the lowering of the on-site energy due to
polaronic self-energy effects. We present a way of building the charge-ordered magnetic structures out of small
units of a “localized” 3z2—r? polaron with four antiferromagnetic and two ferromagnetic neighbotigg
core spins[S0163-182609)00923-4

The unusual magnetic and electronic properties of the peforder in thexy plane reproduces itself along thexis. This
ovskitesA; ,A{MnO;, where A and A’ are trivalent and means that aformally) Mn3* ion is surrounded by four
divalent cations respectively, have attracted considerable akn*" and two Mri™ ions, which is not what one would
tention. In these systems the Mn-O-Mn bond angle can bexpect for this Coulomb interaction.
changed by using cations of different radii. This causes a We show here that the transition from the ferromagnetic
change in the ratio of the effective hopping to thg super-  to the CE phase is a transition from a nonpolaronic to a
exchange. In carefully tuned samples one has been able B®laronic regime. In the polaronic state the mobility of the
induce a metal-insulator transition as a function of, e.g., temeffective quasiparticles is strongly reduced. However, in the
perature, magnetic fielf applied current,or by irradiation ~ CE structure, ferromagnetic bonds are present as a result of
with visible light* or x rays® These transitions are different the double-exchange mechanism, indicating that the kinetic
from the usual colossal magneto-resistance effect in that theg€rgy of thee, electrons is still sufficient to overcome the
are accompanied by changes in crystal, electronic, and magUPerexchange energy of thg, spins. We show here that
netic structure. The insulating system is observed to be th%'S apparent contradiction can be explained from the fact

CE-type structuré.This structurgshown in Fig. 3is charge t a:. the fct%nductlo_n pr?plz(rtl_es atr)e takr_esutl:] of the (t:otherent
ordered and has ferromagnetic chains that zigzag irxthe motion ot the quasi particlegiven by taking the expectation

plane. An explanation of thi€E phase is crucial to the value of the phonon operators including only diagonal tran-

2
. : " iti ieldi i - =te— 79
understanding of the metal-insulator transitions. sitions yielding a first order effect, i.efer=te"77),
whereas the ferromagnetic alignment of neighboring core

A number of explanations have been given for the™ ™ = f the | ) ¢ th i
CE-type structure. Interpretations based on static lattic pIns 1S a consequence of the lowering of the on-sité po-
. . 8 aronic self-energy, due to the inclusion of virtual second
distortion$'® can show some charge order, but are unable t%rder rocessefi.e P the effect of nondiagonal transitions
explain the large jump in resistivity. Charge order can also P o 9

- 2 . - - -
be a result of a strong near-neighbor Coulomb interactionWhICh are of the ordet®. For simplicity, we consider here

For an unrenormalized effective bandwidth-60.2—0.3 eV, fhev\?gl;a;é%%fgﬁ;gt?{at the spins of the itinegarglectrons
large Coulomb interactions of the order of 1.6—-2.4 eV are P 5y

necessary.A strong renormalization of the bandwidth by, are parallel to thet,, core spins as a result of the strong

e.g., polaronic effect® could severely lower the required Hund’s coupling. This leads to effectively spinlesg elec-

i i _1—=vy2_ 2 2__ 2
near-neighbor Coulomb interaction. However, it would alsolrons with an orbital degeneraey=1,—-1=x"—y*3z"~r"

strongly reduce the double-exchange interactiof® This The Hamiltonian for theey electrons and the phonons is

would imply that, unless th,, superexchange is also renor- given by

malized, the spins would prefer the pure antiferromagnetic 0;;

alignment, i.e., thes-type structuré. A reduction of the su- H= > tia,ja’< COS?> CiTaCja'JFUZ NN -1
perexchange is unlikely, since ti1n§g state is not strongly faja’ '

modified by polaronic effects. Furthermore, no significant

change in critical temperatures is observed when going from +ﬁw2i bfb;+ Vsphwiz (bf+b)an,, (@)

the ferromagnetic to th€ E-type structure, indicating that

the coupling constants are of the same order of magnitude iwherec/, creates ar, electron on sité with orbital indexa

both phases. Another argument against the presence ofamd b;r a quantized Jahn-Teller distortion. The first term de-
strong near-neighbor Coulomb interaction is that the chargecribes the hopping and the second the on-site Coulomb in-
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teraction with strengtl. The transfer matrix elementdol- effective bandwidth by more than two orders of magni-
low the usual Slater-Koster relationshipgor d electrons. tude. Exact diagonalizations show that this is indeed a good
The factor(cos(;/2)) describes the double-exchange effectapproximation for the quasiparticle bandwidth.How-

on the hopping-matrix element in the classical liffityhere ~ ever, they also show that the ground-state energy is
6;; is the angle between the core spins on sitesdj and  not well described by the Lang-Firsov approximation for
(---) denotes the thermal average. The third term describesomparable energy scales, i.es,~t. This is due
the quantized Jahn-Teller distortions with phonon energyo the neglect of processes where the virtual creation
fiw. The last term gives the coupling of the electrons to theand annihilation of phonons is involved. We describe here
Jahn-Teller distortions witle, the polaron energy. The core these contributions to the ground-state energy to otéler
spins interact with each other via a near neighbor superexfhe electron dynamics are given by the Green’s func-

change term tion Gi,,jar(2)=—(i/h)[5dtlMEINc, (el ,(0))=
—(irh) fdtel/M(c e WMVicT ) with  z=E+ep(2
Hsup:‘]<,2,> <$'Sj>=~]52<z> (cosb). (20 —9)y+in. This Green’s function is given by
i ij

The Jahn-Teller distortions are treated using the varia- ija,(z):GO(Z)
tional Lang-Firsov approach;*®which employs a canonical '
transformation H=eSHe S where S=-—1y\gZ. (b
—bj)an;,, whereg=¢,/hw and y the degree of the po- +Mmy]-,/a,,(z)]Gj”a”,ja,(z)}, 8
laronic effect. The Coulomb interaction is treated by the in-
troduction of auxiliary boson operatdfse;, p;,, andd;,
that give the occupation number of the empty, singly occu
pied with orbital index«, and doubly occupied electron
states at sitg respectively. The Hamiltonian now transforms

into H=V~+H pojaron Hpolaroni$ given by

5ia,ja’ + 2 [tia,j”a”<gia,j”a”(o)>
]//a//

whereG°(z) = 1/z. The memory function gives the contribu-
tions due to incoherent hopping processes, i.e., involving ex-
changes of one or more phonons

Mia,jar<z>=72 tajalimjar (1= X232 (2). (9)
Hootaroi=U >, didi—ep(2—9)y> (ni,—did). (3) ‘
polaron o P A H The effect of coupling to the Jahn-Teller distortions is ob-

. — tained by evaluating the phonon averages
We have neglected the usual residual ternHirwhose ex- y g P g

pectation is zero when one considers diagonal transitions, -~ o
i.e., involving no change in the number of phonons. X{oae (z)=f dte @Mt
The effective quasiparticle Hamiltonian is now given by 0

- %(gia,j;(t)gja,jar(0)> - e_2729)

V:_ Z’ tia,ja’gia,ja’(o)aacja’ (4) %
ia,ja
with 2672yzgfwdtei(z/h)t
0
T it =t o COS@ Z-‘r Zi ot (5) i i
la,|a la,]a 2 la“)a’ % —%9729(1+““'5i,j)e|wt—1)

where we have used the Kotliar-Ruckenstein formalisior

the operatorg; , , 1

Z—nho'

(10

“1
=e_2729nz:1 m[)’zg(]ﬁ aa’ s j)]"
Zi,=(1-plpio—did) "Y¥elp,+p _.d)

X(1=p] _ pi—a—ele) 2 ® _ _
} o Different processes contribute to the memdne., self-

We adopt the saddle-point approximation, where the bosogpergy function. Fori # j one generates the incoherent next-
operators are considered to be !ndependent of space a’ﬁ‘éarest-neighbor hopping terms and iferj one obtains the
time. The phonon operators are given by on-site lowering of the polaronic binding energy. Numeri-
cally, we find that the latter effect is large as compared to the
incoherent hopping which is essentially proportional to the
coherent hopping squardde., ticon= (te"zg)z] and thus
where the time-development will be needed later on. Therery small. Note also, that the self-energy term is zero for
expectation value of the phonon operator for diagonal trana# «o'.
sitions leads to a renormalization of the hopping matrix ele- In the manganites the appearance of different magnetic
ment by (&,.ja () =exp(= Y?9). In the polaronic limit,y  structures can be described as a competition between ferro-
=1, this gives the well-known result that the polaronic band-magnetic regions of different dimension and the number of
width is given by 4De~9 with D the dimensiort® Millis'®  antiferromagnetic bonds.For theF, A, C, andG type struc-
gives an estimate af of 6—20 indicating a reduction of the tures the ferromagnetic region has dimension 3, 2, 1, and 0,

gia Ja,(t) _ e7 y\@[a(eiou'[bi'f'7e*ia)tbi)7a/r(eia)tb?'7e*iou'[bj)]7
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which is approximately at—e,+nNpft0=—-¢e,+2¢hw
=g,. From this two-state problem one easily obtains a ki-
netic energy ofe,— \/szp—l— 2t%. This is significantly larger
than the Lang-Firsov result, showing the importance of the
inclusion of self-energy effects in the calculation of the

e ground-state energy.
! e As shown in Eq.(9), the needed lowering of the on-site
polaronic self-energy occurs when the given polaron has two
empty neighboring sites as seen from tte-m;) term.
This effect would disappear if these sites were occupied so
this on-site renormalization effectively simulates a near-
neighbor repulsion. Note also that the repulsion only occurs
along the ferromagnetic bonds. In addition, the size of the
polaronic energy is greatest for the?3-r? orbital with its
lobes pointing in the direction of these ferromagnetic bonds
strongly suggesting orbital ordering as well as charge order-
ing. The other self-energy effect leads to incoherent hopping

between two different sites and is smigl},.on=(te™ 729)2].
In the treatment of the temperature dependence of the

2
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FIG. 1. Calculations of the effective kinetic energy for a three-
site cluster by exact diagonalizatidB; st &, (s0lid ling), and by
evaluation of the Green’s function in E(B) with (dotted line,E,

+&,) and without(dashed line, Lang-Firsov approximatiothe ~ CO'€ spin we follow the approach of de GenfiéShe core
memory functionM;, i»,»(z). We have used=0.37 eV andiw

wiva spins are distributed according to a molecular fidlg, giv-

=50 meV. The inset shows the imaginary part of the self-energyngd @ partition function

for ,=0.3 eV. For clarity a broadening aj=0.04 eV has been .

used. 2 sinh\
N

respectively, whereas the number of antiferromagnetic bondghere\ = gug8SHyy, With 8= 1/kgT. From Zepin ONE Can

increases from O, 2, 4, to 6 per site, respectively. T  derive the on-site magnetization

structure is similar to th&€ structure, except that the ferro-

magnetic chains are not linear, but zigzag in xlyeplane. In

C-type structures an electron can hop, at low temperatures, to

two of the six neighboring sites due to theps(;/2)) factor.

The effect of the self-energy on the effective kinetic energy@nd the entropy

is directly seen by studying the coupling of a polaron with 3

two neighboring empty sites. In the Lang-Firsov approxima- —TS=—T—(kgT InZgi) =ke T(AM—In Z).

tion (Mj,,j7,»—0) the nearest-neighbor spins have to be al

aligned by coherent hopping of the polaron. The kinetic en- (13

ergy, i.e., the double-exchange energy, is then given byyrthermore, we need the expectation valugosé;)

J2t exp(—e,/hw), see Fig. 1. This energy is certainly less =mzcos®ij and

than the superexchange enedfy for £p>0.2. Thus, in this

approximation, the completely antiferromagnetic state, de- 0 Pi(cos®;) j2(—in)

noted as thes typef is found to be more favorable. How- <cos?> = —22 ST 121 43) 2 i (14

ever, comparison with the results of an exact diagonalization =0 ( ) ) Jo(—in)

of H for three sites, see Fig. 1, shows that the ground-statgare@

. i _ ) ij gives the canting angle ifandj belong to differ-
energy is not well described by the Lang-Firsov approximagnt gyplattices and is zero otherwigg,is a Legendre poly-
tion.

. . . nomial andj, a spherical Bessel function. The free energy is
We now consider the effect of including the memory o given by

function M, ;7,»(2) in the Green’s function in Eq8) with
y=1. The energy of such a “dressed” polar&py compares
well with the exact calculation for three sites, see Fig. 1. F= > In(1+ e Pl M)+ H ot Heup= TS,
E,+ &, gives the lowering of the energy of the polaron due kv

: ) ) (15
to the self-energy corrections involving the exchange of one
or more phonons. What physically occurs is that a polaron awvhere g, are the effective quasiparticle eigenenergies ob-
site i, |epo(i)) with eyn=—&,+mMhw, couples via the ef- tained from the Green’s function in E¢B) with » the band
fective hybridization term to states with &excited polaron  index.
at neighboring sitg while leaving behind excited phonon The free energy and the on-site magnetization of the two
states at sitd. This gives a statéspm(j);(n—m)hw(i» lowest-energy magnetic structures are given in the upper part
with energy e,m+(n—m)fiw=—¢g,+nhiw. This coupling of Fig. 2. In the calculation we have takéh=1.2 eV, g,
can be clearly seen from [M;, ;. (2)], see the inset in =0.3 eV,iw=50 meV, andJ=8.4 meV, the matrix ele-
Fig. 1. An estimate of the kinetic energy can be obtained bynentst;, ;,» are expressed in terms ofldo)=0.37 evi4
replacing the multiplet of phonon states by its maximum,The self-energy in the polaronic phase is obtained from exact

Zspmzf dé sin 6 exp(— \ cosf) = (17
0

1 0Zgyn 1
- = Z +cotha
M= Zeom oA N

(12

_1
B
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When the system undergoes a transition toGhgpe the
resistivity jumps by approximately exp{g/fiw), i.e., 5 or-
—028 ders of magnitude. The temperature dependence of the resis-
tivity for the C type is more difficult to obtain since, in a
system where the coherent bandwidth is so strongly reduced,
conduction properties are most likely dominated by impuri-
ties.

We can summarize the situation as a function of tempera-
-0.30 ture as follows. At low temperature the superexchange be-
tween thet,y spins and the electron phonon coupling stabi-
lize the polaronic state. The strong reduction of the coherent
100 bandwidth by exp{ e, /fiw) explains the insulating nature of
the polaronic state. However, the kinetic energy of simple
4 0.10 polarons is too small to explain the ferromagnetic couplings

and the charge order in the observ@# structure. A calcu-
lation of the self-energy to ordef shows that the polarons

= have a finite size. For a8—r? polaron the energy can be
0.05 lowered by ferromagnetically aligning ttg, spins in thez

direction. The electron can now make virtual hopping pro-
cesses along the ferromagnetic bond to a neighboring site
forming an (excited polaron and leaving behind excited
0.00 phonons. Further delocalization does not occur since it
0.00 0.02 0.04 0.06 would cause a trail of excited phonon states. This on-site
ksT [eV] self-energy is only present if the neighboring sites are empty
as a result of th¢1—ny;) term in Eq.(9). This effective
repulsive energy leads to a charge-ordered state. The occu-
ancies of the different sublattices are 0.78 and 0.22 elec-
rons per site.

1.0

0.5

FIN [eV]

e 2
w o

et
o
T

A(cos(eij/Z)/<§z2>2

FIG. 2. The upper part shows the on-site magnetizatioand
the free energy per site/N for the F (solid) and C (dotted type
magnetic structures. The lower part shows the renormalization o

> . SN I
the resistivity A[cos(#;/2) [(¢2%) * (solid ling) and the degree of For higher temperatures the ferromagnetic state is stabi-

polaron couplingy (dotted ling for the magnetic structure with the . . . ;
lowest free energy. For decreasing temperature the system go%ged with respect to the polaronic state, since the @aj(

from paramagneti¢P) to ferromagnetidF) to C type. When going &M in the double exchange is_; less sensitive to va_riations in
from F to C the resistivity increases by several orders of magnitude.the angle between the core Slei;h_an the C_Og term_ in the
superexchange. The ferromagnetic state is stabilized by the
diagonalization of the Hamiltonian on small clusters. For thiskinetic energy of theey electrons which is maximum when
range of parameters, the two magnetic structures with thEe state is nonpolaronicy(=0), which directly implies that
lowest energy at low temperatures are a basically metalli@lso the polaronic self-energy is zero. One therefore finds
ferromagnetic state and @type polaronic charge-ordered normal mt_atalllc behavior and no charge ordies., 0.5 elec-
state. When decreasing the temperature we observe that tHEN Per sitg. ) . )
system first becomes ferromagnetic. At a somewhat lower Let us look in somewhat more detail into the different
temperature, we find the critical temperature for finite on-sitelyPes of polaronic states. The 50-50 charge-ordered Mn lat-
magnetization of th&-type structure. However, the system tice can be viewed as being built up of blocks containing a
does not undergo a transition to this state, since the fredocalized” ey polaron at the center surrounded by four an-
energy of the ferromagnetic state is still lower. A crossing oftiferromagnetic and two ferromagnetic nearest-neigttpgr
the free energies is observed at yet a lower temperature. Thedre spins. The nearest-neighbor transfer-matrix elements
different behavior of the free energy as a function of tem-in the self-energy are maximum for @& polaron in a 32
perature can be understood from the stronger sensitivity te-r? orbital with its lobes directed along the ferromagnetic
thermal fluctuations of thécosé;) term of the superex- bonds. This situation is shown in Fig. 3. For ferromagnetic
change compared to tHeos(;/2)) term of the double ex- bonds in thexy plane, there are two orthogonal orientations
change. of these building blocks denoted by1 (ferromagnetic
The effects on the resistivity are calculated in the saméonds at 45° with respect to theaxis) and —1 (ferromag-
way as Kubo and Ohat&.The resistivity is proportional to netic bonds at—45° with respect to thex axis. We now
p~(m*)ZA[cos(aijIZ)]~A[cos(6*,j/2)]/(<§zz>)2, wherez is  place these blocks on this lattice according to the formula
the Coulomb renormalization. The dependence of the ternj—1)>"™*2", where n, and n, are integer coordinates,
on the right-hand side and the degree of the polaronic effecilong thex andy axes, respectively, of the occupied po-
y as a function of temperature are shown in the lower part ofaronic state. For different coefficiensg anda, one gener-
Fig. 2. We have definedA[cos(HijIZ)]:<cos°-(6ij/2)> ates theC (a,=a,=0), CE (a,=0ay=1), and E (a
—(cos(&i]—/Z))z. For the ferromagnetic state the self-energy=a,=1) type magnetic structures.
effects are negligible and, although the effective quasiparti- The different stabilities of these structures are most likely
cles become somewhat more polaronic on approaching the result of lattice straif® In general, the ferromagnetic bond
Curie temperature, the change in resistivity as a function ofs somewhat longer than the antiferromagnetic one, as a re-
temperature is mainly due to the double-exchange effect ansult of differences in the Mn-O-Mn bond angle. Taking this
is similar to that obtained by Kubo and Ohéfa. into account, we directly see that tlestructure is incom-
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o 1 E fective repulsive interaction. However, polarons only repel
O—6—0 each other along ferromagnetic bonds, since the hopping pro-
& cesses in the self-energy do not take place along the antifer-
romagnetic bonds due to the c@8) term. This explains
¢ ! why the charge order in they plane of theCE structure can
O @0 reproduce itself in the direction, since consecutive planes
y | x . . . .
\\\O/ are coupled antlferr_omagnetlcally. This is in contrast with
charge order resulting from a Coulomb repulsion between
®—0—e—0—e polarons which would be the same in all directions.
OTe—O—e—0 Summarizing, we have shown that the metal-insulator
P8—0—e—0—e—0—9 transitions inA;,A;,MnO; are of a nonpolaronic to po-
0—0—e—0—0—0—e—0 laronic type. If one would consider only the small double-
O0—0—0O0—0—0—0—0—0

exchange coupling due to the coherent hopping of the po-
FIG. 3. The polaronic states are built up of blocks containing alarons,  the  insulating phase would be purely
localized %2—r? polaron at the center, surrounded by two ferro- antiferromagnetic, i.eG type, due to the superexchange be-
magnetically (solid line9 and four antiferromagneticallydotted ~ tween the core spins. However, we have shown that the po-
lines) aligned nearest-neighbor sites. Viewed from #hexis there  larons are dressed by virtual hopping processes to neighbor-
are two possible waysindicated by 1 and—1) of placing the ing sites involving the exchange of one or more phonons. For
ferromagnetic bonds in they plane, which are shown schemati- x=0.5, we find that, for polarons in thez3—r? orbital, the
cally in the figure. The charge-ordered lattices show the simplesself-energy corrections ferromagnetically align the neighbor-
ways of placing the “dressed” polarons in thxy plane by using ing spins along the axis. In thexy plane the hybridization
the formula (-1)>™"®" (see text C (a,=a,=0), CE (ax  matrix elements in the self-energy are smaller andtthe
=0a,=1), E (ax=2a,=1). superexchange aligns the neighboring spins antiferromag-
netically. Furthermore, since the self-energy results from
mensurate, which is probably the reason why it has not beeRopping processes to neighboring sites, occupancy of these
observed experimentalfyFurthermore, th€ structure has a  sjtes suppresses the self-energy. This effectively leads to a
larger strain than th€ E phase. In addition to that, due to the repulsive interaction along the ferromagnetic bonds. One
angular dependence of the transfer-matrix elements, hoppingus obtains basic units which, in the case of the perovskites
processes in th€E structure can lead to double occupancy gt x=0.5, consist of a 2—r? polaron with four antiferro-
of the formally Mrf* sites due to the 90° angles in the magnetically and two ferromagnetically aligned nearest-
ferromagnetic chains, thereby lowering the energy. InGhe neighbor core spins and a preference for empty neighboring
structure with ferromagnetic chains along thaxis, on the  sjtes along the ferromagnetic bonds. Placing these units on a
other hand, the transfer matrix elements of tzé-3r> with |attice naturally leads to the charge-orde@dE, and CE
the x*—y? orbitals are zero. structures, of which th€E structure has the lowest energy
Therefore, forx=3, the CE structure is the energetically for x=0.5. These basic units are most likely also of impor-
most favorable. As mentioned above, maximum transfertance in explaining structures found for doping levels other
matrix elementst in the self-energy are obtained for po- than x=0.5, such as, e.g., the recently observed stripe
larons in 3?—r? orbitals with the lobes along the ferromag- phaseg* The anisotropy of the double-exchange coupling of
netic chains that zigzag in they plane. This is in agreement an ey polaron might also explain the presence of antiferro-
with the experimentally observed orbital ordering. Themagnetic fluctuations found in the paramagnetic State,
C-type structure is found for higher hole-doping values which is thought to be of a polaronic natiffe.
where, due to the smaller electron densities, the effects of In agreement with experiment we observe, for a well-
strain and double occupancy become less important. chosen set of parameters, a transition from the ferromagnetic
The charge order in these systems is a result of(the to theCE-type structure as a function of temperature. Due to
—my) term in Eq. (9). This term suppresses virtual the strong phonon renormalization of the bandwidth, this
incoherent-hopping processes to occupied neighboring sitegansition is accompanied by a jump in the resistivity of sev-
This preference for empty neighboring sites leads to an eferal orders of magnitude.
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